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Generational GC: introduction

@ objective: reduce mark-cons ratio in traversing GCs

e how: traverse and reclaim only recently created objects (young
generation)

» traverse only young generations often
» traverse the entire heap occasionally when it does not
reclaim enough space

e why does it work?
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mark-cons ratio (review)

GC overhead
= GC’s work per allocating a byte

7/128



mark-cons ratio (review)

GC overhead

= GC’s work per allocating a byte
GC’s work

memory allocated

7/128



mark-cons ratio (review)

GC overhead

= GC’s work per allocating a byte
GC’s work
memory allocated

(assume a traversing GC; look at a specific GC)

7/128



mark-cons ratio (review)

GC overhead
GC’s work per allocating a byte
GC’s work
memory allocated
(assume a traversing GC; look at a specific GC)
space reachable from the root

space reclaimed

7/128



mark-cons ratio (review)

GC overhead

GC’s work per allocating a byte
GC’s work
memory allocated
(assume a traversing GC; look at a specific GC)
space reachable from the root

space reclaimed
space reachable from the root

space unreachable from the root

7/128



mark-cons ratio (review)

GC overhead

GC’s work per allocating a byte
GC’s work
memory allocated
(assume a traversing GC; look at a specific GC)
space reachable from the root

space reclaimed
space reachable from the root

space unreachable from the root

@ the less reachable space there are, the smaller it becomes

7/128



mark-cons ratio (review)

GC overhead

GC’s work per allocating a byte
GC’s work
memory allocated
(assume a traversing GC; look at a specific GC)
space reachable from the root

space reclaimed
space reachable from the root

space unreachable from the root

@ the less reachable space there are, the smaller it becomes
e below, we simply say an object is “alive” when it is
“reachable from the root” (strictly, not a correct usage)
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=space to be reclaimed
=available for allocation

e 2 DD E:
Q HOYMHEE: X TCVE ATV MOEIENDRDIZEZ?
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AP GC D IEEAFEAE

o HAKM: [HITEHI2ATIYl NDEIGHDER] %~
% GC gL

what if we
garbage-collect

l only this part?

e 2 DD E:
Q HOYMHEE: X TCVE ATV MOEIENDRDIZEZ?
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AP GC D IEEAFEAE
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Generational GC: the basic idea

e basic idea: traverse (collect) only a region that has a lesser
live object ratio

heap

unreachable
=space to be reclaimed
=available for allocation
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Generational GC: the basic idea

e basic idea: traverse (collect) only a region that has a lesser
live object ratio

. how about this :-)?

e two problems:

@ where to target: which region has a lesser live object ratio?
@ correctness: how to find all live objects in a region, by
traversing “only” that region?
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Problem 1: where generational GC targets

a region holding young (recently created) objects
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Problem 1: where generational GC targets

a region holding young (recently created) objects

Q: why (or when) is this effective?
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(Weak) Generational Hypothesis

o NFLALDATYr NMEKAT] (“most objects die
young”)
o (AEVEHNYTEENLL—TUNRNWSEIETIX) £2<D7n
JZ LTEY N> TWE D R MEE
SRS (HEREE)
\
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(Weak) generational hypothesis

@ “most objects die young”

@ it seems to hold in most languages (where all memory
allocations are served from the heap)
RE(FERTE)
A
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(Weak) Generational Hypothesis (Z B9 % study

o BRAXREFE - U ILT, [Hd (FNMEEdDATI Y

N, D (V) Finy DT, LA ZEPHREINT VD

> T HEATV T b o DFERE = o EFBIITONAZ ATV E
DUTOE (DFY, AEVEHVYTETKHEZND)

EH St LT (d) | Fm (y)
Zorn Common Lisp | 50-90% 10KB
Sanson and Jones | Haskell 75-95% 10KB
Hayes Cedar 99% 721KB
Appel SML/NJ 98% CIE:S
Barret and Zorn | C 50% 10KB
C 90% 32KB

it Richard Jones and Rafael Lins. “Garbage Collection.
Algorithms for Automatic Memory Management” Chapter 7.1
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Studies on (weak) generational hypothesis

e studies show “a (large) fraction d of objects die before a
(young) age y” in various languages
» note: an “age” of an object o = the total size of memory
allocated after o is created (that is, the time is measured by
the amount of memory allocation)

authors lang. mortality rate (d) | age (y)
Zorn Common Lisp 50-90% 10KB
Sanson and Jones | Haskell 75-95% 10KB
Hayes Cedar 99% 721KB
Appel SML/NJ 98% varies
Barret and Zorn | C 50% 10KB

C 90% 32KB

source: Richard Jones and Rafael Lins. “Garbage Collection.
Algorithms for Automatic Memory Management” Chapter 7.1
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NE & A YDA & AR GC DRl

o il 21X 90%H 10KB BANIZFESL DT H AL,
53 10KB % 7 U 72D mark-cons H ~ 0.1

o — i, HETCWBRATI I FD2~3fFD e —TH A X% ffi
254,

2 C%EALU KO mark-cons th ~ 1/3~1/2 > 0.1
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“most objects die young” and a rational of
generational GCs

e say 90% die younger than 10KB, then
mark-cons ratio when traversing most recent 10KB ~ 0.1
o if we use heap 2-3 times larger than the live objects,

the ratio when traversing the entire heap ~ 1/3~1/2 > 0.1
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i 2: ARG GCANE U < EfEY 5 121d?

o HETHOTZAE, Nh— hind (BEMDT) 2O
VR EREST) BETRES, #H0A TV b
o HWA TV LY NEMET B2 TIRA A

o fift: TS AEFHIZTED [# 5 FH] LWHKRS VA%
[ Gl THEIETNO 22— RNERAT.
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i 2: ARG GCANE U < EfEY 5 121d?

o HETHOTZAE, Nh— hind (BEMDT) 2O
VR EREST) BETRES, #H0A TV b
o HWA TV LY NEMET B2 TIRA A

o i T I LEFFIZTED [ o F1 LW0WIHIRS VA%
[ kL ThEITENHZINL—NERZAT.
o H: W— IO HEERGETEH, HININBNI ENHD.
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Problem 2: how to make it correct?

e we need to find all young objects reachable from the root,
through “all pointers, young or old’

e simply ignoring old objects won’t work
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Problem 2: how to make it correct?

e we need to find all young objects reachable from the root,
through “all pointers, young or old”

e simply ignoring old objects won’t work

e solution: record “all” pointers from “old — young” during
the execution and consider them as part of the root

@ note: some may not be reclaimed, despite being unreachable
from the root

19/128



& XIAANY T (write barrier)

0 INRTD # = & BR"AVAREHFHHLT D 7/-HOHIZ mutator DT
ZAZ= WA NI

o N )\7’3‘,14\%73 mutator D7 7> a v

HOY DB ULNBAW) ATV hDT 14— R
—HLuvdELnNBW ATV b

EWV D RA
e OCaml TZ 2 1F,
ADH Bz fli R DES
0.X <- a mutable 22 7 1 =)V ROEH | B
{x= ... ...} | VI—N etc. DAL NE
let b = 0.x &iﬂ(@?ﬂﬁﬁﬁ'h NE

NEE A CBIBAL BEFETIEIMIZUNFEAEL R & Jiifs
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Write barrier

e an intervention in mutator actions to capture all “old —
young’ pointers

e mutator actions that need an intervention: assignments:

(possibly) old object’s field < (possibly) young object

e in OCaml,
expression description need intervention?
0.x <- a update a mutable field | yes
{ x=...; ...} | create a record etc. no
let b = 0.x initialize a variable no

e hopefully they rarely occur in “mostly functional” languages
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Write Barrier D523 (1) Remembered Set

o RlZ T RDZ\ write barrier

1 [o.x <- a;

WXL,

1 | if (generation(a) < generation(o)) {
2 if (o ¢ R) add(R, o)
3}

e Remembered Set 52\

o F—/N\—~Aw RK
» generation(:) DEIHE (I¥— GC THT R L ADHIK)
» o ERDF VY
» RDEH
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Implementing Write Barrier (1) Remembered Set

@ given

1 (o.x <- a;

we do

1 | if (generation(a) < generation(o)) {
2 if (o ¢ R) add(R, o)
3 |}

o the overhead is large

» obtain generation(-) (address comparison in copying GC)
» check if o € R
» manage R
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Write Barrier D523 (2) A—R~¥—F > 7

o HATATFTT: EXRAND /T R A% EEIF 55
o b—T%, 11— M &I D E A AEIR (2 X ) B
» 71— R: 7 R U AD EAAT bit A>A3 8 D fEI
* Bl Z1E 64 bit 7 R L AD _EA; 57 bit A3t
* — A—R 1M 27" =128 /31 h

e—7
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Write Barrier D523 (2) A—R~¥—F > 7

o AT ATT: BEIFIAANDH /2T N A% M 125l bk

o b—7%,H— M &R XN B AR X ] B
» J1—R: 7 R L AD A bit AH 358 0 e
* Bl Z1E 64 bit 7 R L AD_EAL 57 bit A3HL5&@
* — A—R 1M 27" =128 /31 h

e.g.,
128

ACES t_jp
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Write Barrier D523 (2) A—R~¥—F > 7

0 HATATT: BEIRAND /2T R A% M IZE06%
o b—7%, Hh— %JtﬁiﬂéLﬁﬁﬁLEWé
» J1— R: 7 R L AD LA bit 233358 D FEIsk
* il Z 1 64 bit 7 K L AD_EAL 57 bit A3k@
* — A—R 1M 27" =128 /31 h

eg.,

128
ACEN t_jp

o = KIZH SR > 11 D DRI B (1751
N/AI— K I—Kv—2)
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Implementing Write Barrier (2) Card Marking

@ basic idea: unconditionally record addresses pointers are
written to
@ partition the heap into constant-sized “cards”
» a card: a region whose addresses share a number of most
significant bits

* e.g., share the highest 57 of 64 bit addresses
* — a single card 27 = 128 bytes

e—7
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Implementing Write Barrier (2) Card Marking

@ basic idea: unconditionally record addresses pointers are
written to

@ partition the heap into constant-sized “cards”
» a card: a region whose addresses share a number of most
significant bits
* e.g., share the highest 57 of 64 bit addresses
* — a single card 27 = 128 bytes
e.g.,
128

ACEN t_jp

e record only whether each card receives any pointer write (1
byte/card; card mark)
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H—RY—F 2 TDA—I)N—~w R
o fil: LFOEHIZHL,

1 [o—>x <-y;

[(go->x Z LN — RIZEZIAAD /-] T & % B I3 8%

1 ((7[(&o—>x) >> 9] = 1;

ClE, e —7%ET R A heap, 71— R~¥—2DHRET R
A cards & U T,

1 [C[heap >> 9] == card

W29 T RV A,

1z4sb p—7

—

- L
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The overhead of card-marking

@ e.g.: given the following pointer update,

1 [o—>x <-y;

unconditionally record “a card containing &o->x is written”

1 [C[(&o—>x) >> 9] = 1;

C' is the base address to obtain the card address. that is,

1 [C[heap >> 9] == card
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A= RY—FV TEDORM R &R

o write barrier DA —/N—=~w RN (C & VY ZRIZREAFTEN
&, 3 EiEE)

1 (G[(&o—>x) >> 9] = 1;

o N— ROKRIIXWET, ATV A—/ =~y RFAHA (fF:
128 5 h 725, 1/128)

o [FEZXIAANH /A —R] ZITERERMITHIZET IR,
2H—K (x b—T) & REBENDS

o N—RDEIMNIIEZIRAANRH /26, TOHA—RITNT%
— Ft%&‘&%ﬁb‘c‘f?)é
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Card-marking : Pros and Cons

e a small write barrier overhead (if you hold C' in a register, it
takes three RISC instructions)

1 [C[(&o—>x) >> 9] = 1;

e memory overhead adjustable by adjusting card size (e.g. a
card is 128 bytes — 1/128)

e you cannot efficiently list written cards; you must check all
cards (o< heap)

e when any address of a card is written, we must consider all
addresses of the card a root
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Contents

Q@ v V&AL —TGCDOREY
o ZEXHHISE M / Free Area Management
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72 Z IS B - PRER

o IX—GCIMMDHLWEHA (¥YV—V&AA—T GC, 2
717 7 b, malloc/free) Tl&, 22 HBITE KL TV AW
— 22 SO R - B HLATL L
o HI%:

> AEVED Y THE: AEYEY Y TERIEU 291 A%

T ERR<CEOTD

> AE D FHRIR: 20T HEIKIE R DR H S
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72 Z IS B - PRER

o TE—GCUADHEW2HR (Y — 2 &AL —T GC, 217
A7V &, malloc/free) Tld, 22 algidE,E L TV
o — ZEIMIMODIE - HHALIE
o HiF:
» AEVED Y THE: AEVED Y TERIIGU 21 D%
T RFSEOITD
» AEV AR BT DHEIE R D X FHES

o HAF—afEE: 7V —) 2 N (EEERDOY A L)

N I EN N |
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Managing and finding free space

@ in any method except for copying GC (mark&sweep GC,
reference counting, malloc/free), free space are not contiguous
e — tracking and managing free blocks is required
e goal:
» good allocation speed: quickly find a region that fits the

request size
» good memory utilization: do not waste available space

e basic data structure: free list (list of free blocks)

HINIE NI
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Managing and finding free space

@ in any method except for copying GC (mark&sweep GC,
reference counting, malloc/free), free space are not contiguous
e — tracking and managing free blocks is required
e goal:
» good allocation speed: quickly find a region that fits the

request size
» good memory utilization: do not waste available space

e basic data structure: free list (list of free blocks)

B I B0
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7V =V A b

o ZEIHIKDY A b

typedef struct cell {
struct cell * next;
size_t sz;
/x R SHIEZDMONEHR */
} cell;
cell *x free_list;

IS N R VCIRE (SR

o #lV) X T (malloc) ~
Q@ ZRY A ALL EDZE IO (FRIY) B
Q HIEBMNRSZORDVEF/ZV AMA
o [HIIX (free) ~
Q HmINAtIL2Y A AR (ME: oY1 XX?)

Q XNtV T RUADEERZE L THB L ILBdh o2 68E

coalescmg
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Free list

e list of free blocks (or cells)

1 | typedef struct cell {

2 struct cell * next;

3 size_t sz;

4 /* other info as necessary */
5 |} cell;

6 | cell * free_list;

e allocation (malloc) ~
© (linearly) search for a cell large enough for the requested size
@ if a free space remains in the cell, put it back to the free list
e reclamation (free) ~
@ put it back to the free list (issue: how to know its size?)
@ if the cell just freed is adjacent to another free cell, merge

them (coalescing)
- Ilsm I l]
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BN 72 )5 DA

o H[YHT:
» TNRDIZEENBE
» = A XZEITHINAZT Y —) A b (segregated free lists)
o [AX:
» coalescing FIFEMN & N D A —/N—~w R
> NI NARIVDOY A X
> — REBH (=) B TRIU Y A XEHIZT S (Big Bags
of Pages; BiBOP)

B I 0 N
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Issues in the simple method

o allocation:

» needs to traverse a fair amount of cells (until you find a cell
that fits)

» — make many free lists, one for a fixed size (segregated free
lists)

e reclamation:

» needs to check if coalescing is possible

» needs to know the size of the freed cell

» — manage memory in a larger unit (page) and dedicate a
page to a single size (Big Bags of Pages; BiBOP)

B I 0 N
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YA AZTEDT7)—1) AN

o INXBRYA X (eg.,
9K /31 NBLF) 129
W, RS A
ZDT V=) A%
fE%

o TP EK X 57X
BRI TR TO Lo
DY ANIZEEDD

o fi:

» 16, 32, 48, 64, ..., Dﬂw 204854 NI L
448, 512, 672, 800,
1024, 1344, 2048

» 2048 N RNRAET
NT

0-15/3A (16730 k)
16-31/81hE(32/31K)
32-47/5A MB(48/54 1)

1344-2047/51 NEF(2048/31 k)
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Segregated free lists

o for small sizes (e.g.,
< 2KB), make a free
list for various
representative sizes

0-15/81RF(16/31K)

16-31/34 MA(32/310K)

32-47/81NR(48/31 1)

e a single list for large
sizes

@ ox: 1344-2047/34 NE (2048734 1)

» 16, 32, 48, 64, ...,
448, 512, 672, 800, 2048731 M E
1024, 1344, 2048

» 2048 bytes or
larger
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EY BT =T > ADH

o (Uil EUE4: INX VAT =
ZE 13 ARVAWS

1
o Hilhsr: VA X (sz) M\ 2 4+ maliocteize t sy €
> - 3 | void * malloc(size_t sz
{)bﬁﬁo)ﬁéﬁf%mci, )E 4 if (SMALL(sz)) {
IEH/J c:Li (:I y/\oxr 4 @ﬁ%& 5 size_t idx = bytes_to_idx(sz);

cell * a = free lists[idx];

N ~ 17 6
%J)\l&gj‘f) bR AT RE & 4y 7 if (a) {

void **x free_lists;

b4 s 8 free lists[idx] = a->next;
o il AEMD. VAMZE e e T A
— [ FHE D (6-7 ﬁﬁ%) 10 } else {

- . 11 return malloc_slow(sz);
o /H: YIVF AL YW REREETId: ¥
. W e I8 } else {
> free lists % ALy ]\ =y return malloc_slow(sz);

kkj%f:"d'é, 2% 15 }
» free lists DFAH L~ |}

B & A3 (AT — 2

vy 71 fHE)
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Allocation sequence

e Colored: a fast path for
small objects

@ blue: the overhead 1 | void ** free_lists;
removable if the size (sz) is 2
i K 3 | void * malloc(size_t sz) {
a compile-time constant 4 if (SMALL(sz)) {
. 5 size_t idx = bytes_to_idx(sz);
o red: the essential cost. p coll * a = froe lists[idx]:
traverse a list once (6-7 7 if () {
. . 8 free_lists[idx] = a->next;
instructions) 9 return a;
e note: in multithreaded 10 } else {
) 11 return malloc_slow(sz);
programs, we either have to 12 ¥
. 13 } else {
> let each thread have its 14 return malloc_slow(sz);
own free_lists, or 15 }
» atomically perform the ¢ |3}
read-modify-write on
free lists (this hinders
cealabilitv) 41/128




Big Bags of Pages

o k=T EHBEET A ADTOY Y

(=) T CTEH 0x....000 o5
» R—=Y: 7 RLAD LA bit 23G9 free: 4
57 RL ADES —

» fil: 64 bit 7 KL A, AL 52 bit 4k R—IRH

H — 212 = 4096 /A b /R=Y
o 1 DDOR—=VIL,
» FHTLEE, F0E
» —DOYA ADA TV Y M R—
(e.g., 48 /N1 NELHH)
o Coalescing: 1 R—=VFd T\ /| HEZS, DY
AR E|
» o FER-V LRSI RIVBERZSZITTRY
o YA AEA TV =/ MEITR - MERL
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Big Bags of Pages

e manage the heap by dividing it into

constant-sized blocks (page) Ox....000

» a page: a set of addresses sharing a ]frzée§142
number of highest bits e

» e.g. 64 bit addresses, sharing the R—IELR
highest 52 bits — 22 = 4096
bytes/page

e each page is either
» completely free or X
R=Y

» used only for a single size (e.g., only
for 48 bytes)
e Coalescing: repurpose a page only when the page becomes
completely empty
» — only need to count the number of free cells in the page
@ does not require per-object size field either
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@ A GC / Generational GC

Q- J&AI—TGCOIEY Y
o ZE X HHME M / Free Area Management
o Y= V&AL —7 GC DVEREL
e — Ity NeATI Y MDD ) Separated Mark Bits
@ BIEAA —7 / Lazy Sweep

o 57 GC / Conservative GC
© 7V AVEINGC / Incremental GC

Q =i Y NDEFE / Variants of Reference Counting
o EMEZIE /T Y N / Deferred reference counting
e Sticky 28777 >k / Sticky reference counting
o 1 bit 2V > & / 1 bit reference counting
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Y — &A1 — T GCOMEREE

o IRKERL:
Q VU7 A =R NLRAVRERLEY, BEARERA
TV NMIHIZEDIT D
QO A1—7T7x2—X: HIOODWTWAEWATY 7 hEFEUIL —
7)) =Y A MIREY
o FHARMZR T K:
» YA AT D7) —1) A b
» BiBOP |2 & 545
» Y=V NEATY T bDoE
> BIEAA —
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Improving performance of mark&sweep GC

e overall structure:
@ mark phase: traverses pointers from the root, marking
reached objects along the way
© sweep phase: reclaims unmarked objects — pushes them
back to an appropriate free list

@ basics:

» segregated free lists

» BiBOP

mark bits separated from objects
lazy sweep

v

v
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I—2Ew RNEATI T NI

e Y —

77 x—AT [EEARE] D% Y 22D 5 0?

o ikl ATV FNHAD1IT—R
o Hik2: ATV LU MIDFIHIZE LOTHD

>

RN SR

E%%KME:?NﬂyAyﬁl%@Ngymwjjyla%
DREEFELOTHD (AN N ATVZI )

mark(void * o) {
page * page = o & OxFFF...000; /* R—YDIEHEHT KL A */
page->header->mark[(o & 0x000...FFF) >> 4] = 1;

}

RA Vb BIRENEF Yy Y251 Y OEIED
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Separated mark bits

@ question: where do you put the mark bit of an object?
@ Method 1: use a word within an object

@ Method 2: use a separate space dedicated for mark-bits
outside objects

» where is the separate space, exactly? — page header; holds
mark bits of all the objects in the page together (1

byte/object)
1 | mark(void * o) {
2 page * page = o & OxFFF...000; /* page header address */
3 page->header->mark[(o & 0x000...FFF) >> 4] = 1;
43

» point: gather spaces that are written
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BIEAA — T

o A —T7MDHW: 72 X FHIED AN

o HARIZIX, XM 2 EHYBY A ADT7 ) —V ANIRT
(BiBOP %)

o BIEAA—T: 71—V XA MDKEEEL, XEVEYYTTH
PIZR5FTELHED
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Lazy sweep

e why do we need to sweep: reclaim space that has become free

e naturally, you would put them back to an appropriate free
list (cf. BiBOP)

e lazy sweep: defer this operation until you need to allocate
them

50 /128



AA —T 7 2 — XDk

o YU 7 x— AT, R—VILIHHEIINETES
» EBR=VRELLATIVZI R0
» —ERZENR—T BEL AT N >0, BEL AN
TV b >0
» MR —= BEL RN A TV =0

o A —TDFER: FREITIT,

for (&= p) {
if (p A¥) {
p 2ZER—VY A MIDEL;
/x EREYA ZADR—=T L UTHAMATEE */
} else if (p M —#h2z) {
sz = TOR=INDA TV hDY A X;
p HODZEEMHEZ sz N PHDTZ Y =) A MIDRL;
}
}

© N ;A e~
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Overview of the sweep phase

e after a mark phase is finished, a page is either
» empty: zero objects have been reached

» partial: > 0 objects have been reached, > 0 objects have not

been reached
» full: zero objects have not been reached

@ a naive implementation of a sweep phase:

1 | for (all pages p) {

2 if (p is empty) {

3 put p in the empty page list;

4 /* can be repurposed for any size */

5 } else if (p is partial) {

6 sz = the size of objects in the page;

7 put free cells in p to the free list fo sz bytes;
8 }

9 |}
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BIEAA — T

o 7 —VANDIEL T IfTHARD
o KXY A XD M) AR~ IZ2%&<

for (&R—Y p) {
if (p MZ%E) {
p 2ZER—VY ANMIDEL;
/* RS A XHOZEER L UTHMATEE */
} else if (p M —#h2z2) {
sz = TOR—INDATII hOYA X,
p % sz/N NH®D THILY AN 1224
}
}

ST S S N T N
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Lazy sweep

@ does not rebuild free lists immediately

e instead puts the page into the list of “to-reclaim” pages

for (all pages p) {
if (p is empty) {
put p in the empty page list;
/* can be repurposed for any size */
} else if (p is partial) {
sz = the size of objects in the page;
put p into the reclaim list for sz bytes;
}
}

© N A W =
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[EID A b

o I 1 DU EFENS, HEILETEEVR=YDY
Z b

o 7V —VANFEK PAAITLITMED

o ATEVHEYYTH, 7VU—VANBLEEZSZHFIZENY A b
MEYX I %A
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Reclaim list

e list of pages that have at least one free cell
o like free lists, there is a list per size

e when an allocation finds the free list empty, look at the
reclaim list and if there is any page, move free cells of a page
into the free list
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BEAA =T BRI

o L% &MU IZUTAZIF? TN/ZITTIERW
o Coalescing D2 E:
» [AEED GC £ TITHDONT, TNETIZEZR—=IIZRDN
HE LNV
o MDD = A i
» JV—)ZARNKBEDZODAE) 2L, FEIZ mutator (2
ffibd FTORMZEL< T

o A1 —T7DWE AL TEHELLTS
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What'’s the point?

e simply deferring the task you need to do anyway? not exactly
SO

e make more coalescing opportunities:

» after a few GCs, a page may become empty before it needs
to be reused for allocation

e improve temporal locality of references:

» by touching free cells to put them back to free list, closely
before they are used by the mutator

@ shorten the pause time due to the sweep phase
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@ A GC / Generational GC

Q- J&AI—TGCOIEY Y
o ZE X HHME M / Free Area Management
o X— V&A1 —7 GC DR
e — Ity NeATI Y MDD ) Separated Mark Bits
@ BIEAA —7 / Lazy Sweep

o fR5FM GC / Conservative GC
© 7V AVEINGC / Incremental GC

Q =i Y NDEFE / Variants of Reference Counting
o EMEZIE /T Y N / Deferred reference counting
e Sticky 28777 >k / Sticky reference counting
o 1 bit 2V > & / 1 bit reference counting
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RSP GC (Conservative GC)

o [R-FHY GC
» ~ C/CH+4E, GC ARSI INTOWRWSFEHD GC
v~ KRB Y ADENDN SR (DH D BVEH TR
2] RA VR ERZT)HiRTO GC
o JXNEE: IEMEZ (accurate) GC
» EREE Vo TH, [FEATWD (BT 72 AINZRN)) TIN
LI END DI TIEARWD
> IERE - BRSPHI GC OREKRIE TR > 2 OHIH (pointer
identification)] ASIEMENRFIINE WD Z &
» EMER GC 217D S#BTCIHIAIL, HDFEERZEZTTRA v
BDEIIRDMB &S 8T — 2RI E S
w Bl BRAL DIt = 0 (R V&), = 1 (FEHA v R)
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Conservative GC

e conservative GC

» ~ GC for languages designed without assuming GC, such as
C/C++
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e conservative GC

» ~ GC for languages designed without assuming GC, such as
C/C++

» ~ GC in the presence of words that may or may not be
pointers (conservatively assumed to be pointers)
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Conservative GC

e conservative GC

» ~ GC for languages designed without assuming GC, such as
C/C++

» ~ GC in the presence of words that may or may not be
pointers (conservatively assumed to be pointers)

e antonym: accurate GC
» does not necessarily reclaim all dead (no longer used) objects
» accurate or conservative refers to whether “pointer

identifications” are accurate or not

» languages that implement an accurate GC normally use a
data representation in which looking at a single word can tell
you whether it is a pointer or not

* ex: the last bit = 0 (pointer), = 1 (non-pointer)
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C/C++ERBEDEARR R K H: RA > X DR

o RA VRELENUMNDT —XDEEERXFDDNENN, HD
SEIZEMIN T2 [7596272344674820427
(1011010010110101101100001011100110110000101110111011000
I,

» 7596272344674820427 ZEHIZEI D M THNAEATI 7 v
DRA V&7
» FEELD 7596272344674820427
> XFH D (“Kawasaki”)
> REREETFEI/INBUS (6.549545 ... x 10199)
DWFTNTH D0 IE> T D LRV ()

o FEA:

» HDIED, BAEED L THOY RV AEHE —HRLEZL, Th
ANDRA VR EARGE

» RYIIKRA VETRONVEDWRA VR EREDNS ZEEHD

» T EBHE (V—2) 2Fi<T 177 — Blacklisting
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A challenge in C/C++: pointer ambiguity

@ a pointer and a non-pointers cannot be told apart; a word

“7596272344674820427
(10110100101101011011 - - - 0110000101001015)” can be any of
the following

» a pointer to an object at address 7596272344674820427,

» an integer 7596272344674820427,

» a part of a string (“Kawasaki”),

» a double precision floating point number

(6.549545 ... x 10'99),
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A challenge in C/C++: pointer ambiguity

@ a pointer and a non-pointers cannot be told apart; a word
“7596272344674820427
(10110100101101011011 - - - 0110000101001015)” can be any of
the following
» a pointer to an object at address 7596272344674820427,
» an integer 7596272344674820427,
» a part of a string (“Kawasaki”),
» a double precision floating point number
(6.549545 ... x 10'99),
R
e the basic principle:
» if a word is an address of a block being used, it is assumed to
be the pointer to it
» a non-pointer may be misidentified as a pointer
» a method to minimize the loss (leak) caused by misidentified

pointers — blacklisting
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Blacklisting

o YU 7z — A RO KD BEEp ( TEFERET RV AL
#Z Gl U T3 < (Blacklisting)

I[[I:[[EI:I:I]
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Blacklisting

o YU 7z —AHIILLND & D HEEp ( EEET RV A])
# 7 U TH < (Blacklisting)
> p IFBAEEN) B THOY R ATIEAZWD
> pld, FEREND LM THRICARD TS (BAED—TD—ET
»3)
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Blacklisting

o YU 7z —AHUILLND &S HFEp ( EIERT RV A])
# 7 U TH < (Blacklisting)
» p IFBEE D Y THOT RV ATIEZRWN
> pld, FERED Y THRIZRY 2S5 (BEOL—TD—BT
»%)
o TDE DA p i, HV Y TONENLHT

ETIITEE

(BEER)
blacklisted
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Blacklisting

o YU 7z —AHIZLAFD LD 5 ( EIERET RV A])
# 7 U TH < (Blacklisting)
» p IFBEE D Y THOT RV ATIEZRWN
> pld, FERED Y THRIZRY 2S5 (BEOL—TD—BT
»3)
o TDE DA p i, HV Y TONENLHT
o IpAEN)HTHNB] KITHREFELZDN, p2HIYHTT,
pBIUTZTINLEEARRLDONETHINTERLZDLD
TR

ETIITEE

(BEER)
blacklisted
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Blacklisting

e during marking, record (“blacklist”) words p (suspicious
addresses) satisfying:

I[[l:ﬂ[l:l:l]
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Blacklisting

e during marking, record (“blacklist”) words p (suspicious
addresses) satisfying:
» address p is currently not used and
» pis a subject of future allocation (i.e., an address within the
current heap)
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Blacklisting

e during marking, record (“blacklist”) words p (suspicious
addresses) satisfying:
» address p is currently not used and
» p is a subject of future allocation (i.e., an address within the
current heap)

e do not use such p’s for future allocation

ANIE T §

(BER)
blacklisted
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Blacklisting

e during marking, record (“blacklist”) words p (suspicious
addresses) satisfying:
» address p is currently not used and
» p is a subject of future allocation (i.e., an address within the
current heap)
e do not use such p’s for future allocation
e note that we already lose (a memory associated with) p, but
it would be much worse and devastating to allocate p and
make p and all objects reachable from p uncollectable (the
domino effect)

ANIE T §

(BXR)
blacklisted
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T DA D LRSFHY GC D tips

@ http://hboehm.info/gc/gcinterface.html Zif
e GC_MALLOC_ATOMIC :
» GCMALLOC &[A UZZD, [ZDHIZHRA U RIFEDEFEFAI B
(5, BRI % &)
» KAV REARDOHERZRS T
» mark DEZH ST
e GC_MALLOC_IGNORE_OFF_PAGE : [H#JD 512 731 N PAB%IZIZ
KA VRIIEDFEFRAI S
o WHRWT—RIZHTBRA VARIFZ £HIZNULL IZ
» T REERDRS VA
» —ODPEAINTHEEIE- /- I NEHNh] 272< 7
o T—AD) VIEED Tk
» IR VEDBEBIZE ST [ IADPEENIZ] BDIZT—
2
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http://hboehm.info/gc/gcinterface.html

Other tips in conservative GC

@ see http://hboehm.info/gc/gcinterface.html
© GC_MALLOC_ATOMIC :
» same as GC_MALLOC, except you indicate (declare) you never
put pointers in it (good for strings and numerical arrays)
» reduce the probability of pointer misidentification
» reduce the space that must be traversed
© GC_MALLOC_IGNORE_OFF_PAGE : declares “you never put
pointers except in the first 512 bytes”
@ clear pointers no longer necessary with NULL
» pointers within a data structure
» prevent the domino effect when a single object is mistakenly
kept alive
@ tips in how you link data structures
» data structures less prone to the domino effect due to a
pointer misidentification
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BT D) R - 12 WT— X R

o VYUV, Kt VI 7REDIEYD S
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.
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BT D) R - 12 WT— X R

o VYUV, Kt VI 7REDIEYD S

o (NG): KEZRMERALNEEY V2 ULd>D

o (GOOD): V v U HEE (&) & (KER) T— 2 ARK%E NI —
AR INTE EENITE I 20
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Data structure (not) prone to the domino effect

@ suppose you make link lists, trees and graphs

e (NG): directly link large nodes with payload

e (GOOD): separate the structure linking nodes (the spine)
and the payloads — misidentifying a payload does not lead
to another object

T
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Data structure (not) prone to the domino effect

@ suppose you make link lists, trees and graphs

e (NG): directly link large nodes with payload

e (GOOD): separate the structure linking nodes (the spine)
and the payloads — misidentifying a payload does not lead
to another object
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@ A GC / Generational GC

Qv V&AM —TGCGCDORIEY Y
o ZE X HHME M / Free Area Management
o X— V&A1 —7 GC DR
e — Ity NeATI Y MDD ) Separated Mark Bits
@ BIEAA —7 / Lazy Sweep

o 57 GC / Conservative GC
@Q 7V AYEINGC / Incremental GC

Q =i Y NDEFE / Variants of Reference Counting
o EMEZIE /T Y N / Deferred reference counting
e Sticky 28777 >k / Sticky reference counting
o 1 bit 2V > & / 1 bit reference counting
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A7) AR IGC

o EHM GC D NMEILIHE] 28 <945 GC
» ERFEMECIREEZ L E LT T TV —vay
o (FILIFME ~ BEWREA TV I NERTEY— 7T DM
o VI VAVEINGCIE, BEWMRA TV hDEHZ
ML) (2472 C, %E%W%L<ﬁé

» 1GB —&iZ) E&EETIZ, 10MB 32 100 ENI3 1 CTEE
okl MM ( ( &
F\Etrl mltatolr - I I I
AV9) X% ILGC

?Ilacation

3&E D (stop-the-world)GC
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Incremental GC

@ objective: reduce the “pause time” of traversing GC

» good for applications that need real time or interactive
responses

e recall that pause time = time to traverse all reachable objects
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Incremental GC

@ objective: reduce the “pause time” of traversing GC
» good for applications that need real time or interactive
responses
e recall that pause time = time to traverse all reachable objects

e how: by traversing reachable objects “a little bit at a time”

» instead of traversing 1 GB in one stroke, traverse 10 MB at a
time, 100 times

collector collector collector collector
mutator mutator mutator
o -l M - - s

collector mutator

AV 9) A5 ILGC

collector
allocation

3&E D (stop-the-world)GC

t
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A7) AVEIGCGCOHEL X

o (GCH#T) GO T 72 EFELTWVWBHIZ, 7T 7524t
EX)

collector collector
mutator

o TNTH, N— 0o ENEMEE] BRA TV Y b2 kXA
W27

o VI 7EBDEARIINIBIRSTEZRD
o DLFFDHTEE:

» mutator I 12 (1 ALY ROT7 TV r—av)

» mutator & collector IX[E U AL w RNT I HIZ] <

* ATV EN) Y TERKFIZ GC D UEIL
» 5> WEDHALY RTHNIEE X Z LD BHEEIEE IR
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Challenges in incremental GC

o (from GC’s view point) the object graph changes while GC' is
traversing it

collector collector
mutator

@ how to guarantee it finds all “reachable objects” nevertheless?
o we'll get back to the basics of graph traversal
e assumptions for later discussions:

» only a single mutator (the app is single-threaded)

» the mutator and the collector run “alternately” (not at the

same time)
* the collector does a little bit of its work upon a memory
allocation

» — we do not consider race conditions that would happen
when they are truly concurrent
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o N—U&AAM—TTEa—

TH, REWIZIXFEU

o T AMEIEDFME AL

© 0 N D WA L W~

TEL L

F={)l—F}
while (F 2YZETZARW) {
o = pop(F);
for (o NDRA V& p)
if (!'marked(p)) {
mark(p) ;
add(F, p);
}
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o N—U&AAM—TTEa—

TH, REWIZIXFEU

o T AMEIEDFME AL

© 0 N D WA L W~

TEL L

F={)l—F}
while (F 2YZETZARW) {
o = pop(F);
for (o NDRA V& p)
if (!'marked(p)) {
mark(p) ;
add(F, p);
}
}
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Graph traversal : basics

o traversing GC = graph traversal

e the principle is the same whether it’s mark&sweep or copying

e omitting details, it is:

F = { root };
while (F is not empty) {
o = pop(F);
for (all pointers p in o)
if (!marked(p)) {
mark(p) ;
add(F', p);
}

© RN AN W~
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Graph traversal : basics

o traversing GC = graph traversal

e the principle is the same whether it’s mark&sweep or copying

e omitting details, it is:

F = { root };
while (F is not empty) {
o = pop(F);
for (all pointers p in o)
if (!marked(p)) {
mark(p) ;
add(F', p);
}

© RN AN W~
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P DT — & BT

o F: IxHU## (frontier)
o HEIFHIMINAA, I F A I N TR (ATREM: A
Hd)YA TV NOES
o EWRD T — X EiE
» X DKAL—T R—=T ARV
» I — GC : to space D—B

scan free
AIBICID
tospage: vt
i from space v Y
mark stack ] [(TTTTITITTIIIIT]
i?“'f785;ﬂ'f‘—‘j7) | kf._

77/ 128



Key data : the frontier

e [ : frontier

e the set of objects that have been visited but whose children
may have not

e the actual data structure

» mark&sweep : mark stack
» copying : a part of the to space

scan free

ABICID

L]

to space: -
from sp é?C\e‘,

mark stack
mark&sweep

T TITIT T T T
copying

78 /128



A7) AV GCHRRT N [

o HH D GC : il while )— 7 H3&

79 % F T mutator BXEIHDRV —

F={)l—h 3} oo o -
while (F MZ2TZHWY) { ATV NI I T7EEIHDS
o = pop(F); 73:11\
for (o NDRA VX p)
if (!marked(p)) { o TV VAVEIGC:
k(p); - o
aaa(E, o) v -3 while b— 7 % A 5 72
¥ 5, mutator (Z il fHl % KT
if (fAIEDE - 72) o = Fog
/) ZORICZ TS 7R X DD » L FELIELL UL E Z
resume mutator() ; »5
¥ » D% 4, while L— 7D iteration

T 70nESHD>TWEZ
LAZE ST B D [
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The issue that an incremental GC must address

e ordinary GC: the while loop runs
until the end keeping the mutator

F = { root }; stopped — the object graph does
thli I(,Zpt;)n;m epey) L not change during the loop

for (all pointers p in o)

i (marked(p)) ¢ @ incremental GC:

mark(p) ; » the collector gets interrupted by
dd(F', ; .
- SR the mutator every once in a
if (has iterated a few times) while
// the graph changes below » ... and continues after a while
resume mutator () ; . . .
} » that is, the issues is how to do

with the fact that the graph may
change between iterations of the
while loop
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3fh (tri-color) 7 7AKNZ ¥ ay
o EfZE, ATV NMI 8285 BIETHIAD
» [B]: BRE, ToFHeHI s
s ] BoRBMI NG, FIES (<= B e F)

» [A]: BavEmI AT
o 3MEMN Y5 7 EEDR

V— & JREIT;
while (JKEA%) {
o = JRtUA TV N —{HED, RIZED;
for (o NDRA V& p)
if (pMETATY I MA)
TNEKBIZED;
mutator (Z& 277 7EIHZ,;
}

o 7IVIVALDIEL X:

T TR (BIXEERRE
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The tri-color abstraction

e likens a graph traversal to coloring its nodes

e visiting an object & coloring an object
> : the object and its direct children have been visited
> : it has been visited but its children may not (€ F')

> : it has not been visited

e the graph traversal using the tri-color abstraction

gray the root;
while (there is a gray object) {
o = pick a gray object and blacken it;
for (all pointers in o)
if (p points to a white object)
gray it;
the mutator changes the graph; }

e correctness of the algorithm:
when there are no gray objects, all objects reachable from

the root are black (i.e., white objects are unreachable)
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A problematic mutation to the graph

e intuitively, the issue seems the mutator
may create “black — white” pointers

> : GC thinks it has “done” with

them

> : going to be reclaimed, unless

found in other paths

e = prevent “black — white pointers”
from being created

Frontie
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Two approaches to preventing black—white

Y

capture the point where “\ black ‘—>\ white \’ is about to be created

© approach #1: gray the (make
[ black|—[gray )

» pros: the frontier always progresses
» pros: easier to work with for copying GCs
» cons: reclaim less objects. if p becomes
unreachable due to another update to o, it
won’t be reclaimed (by the current GC)

@ approach #2: get the back to gray
(make [gray |-+ white])

» pros: reclaim more objects
» cons: the frontier retreats

Frontie

Frontie
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HE A VAN /A= IV

FEIIIRS VEDPEL HOWDET 7Y a v T20ENHD
o ATV MDT A =)V RARA VR %EHZIAD (write
barrier)

1 [o—>x =p

o V= hARS VAEEIRAL = BHEARS VA2 EIRD

(read barrier)

1 (p = 0—>X

BHIFHENRKRE VDO TELS S —AEH Y (FEH] 2: Boehm GO)
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Mutator actions that need to be captured

naively all pointer movements must be captured

e write a pointer into an object field (write barrier)

1 [o—>x =p

e write a pointer into a root = write a pointer to a variable
(read barrier)

1 [p = 0—>Xx

the latter is so frequent that some approaches avoid them
(example #2: Boehm GC)
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F2H] 1: Appel-Ellis-Li

e I¥V—GCH+ AV I VAR
o HiE1IZHDL., KV EMIZIIATZ2&E>TEIL:
mutator (U THANDRA VR E AF LR
o DX DITLDM?
» KA TV hDT 4 =) KAt U & Al /e (read barrier)
o JKtuA TV U MANBHHIK C scan ~ free S DA L
2 RAEERDOR— IR E VT2

scan free []no read

AIBICID

tospace
from space AR
IIIIIIIIIIIIIII
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Example #1: Appel-Ellis-Li

e copying GC + incremental

@ based on the approach # 1. more precisely, maintain the
following invariant
the mutator never sees a pointer to white

@ how?
» intervene in reading a field from gray objects (read barrier)

e read-protect the region of gray objects C scan ~ free, by the
virtual memory primitive of operating systems

scan free [Jno read

from space‘ ‘
IIIIIIIIIIIIIII
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Appel-Ellis-Li : Read Barrier D 5EB%

o JKEATI LV NDT 4 =)V RNFGHAEN-SH, ThEE
LR=VNOA TV "2 BRIZTD (= TN6DA TV
JhEAXYUT D 5 TNOEREL TS ATV MK
iz %)

trap_read_from_grey(a) {
page = a X GLNR—Y;
for (page IZAENDZATI LI N o) {
scan(o); // o D&k I —
}
unprotect (page) ;
}

IO N R SN

scan free [Jno read

fromspace
lIIIIIIIIIIIIIl

91 /128



Appel-Ellis-Li : Read Barrier D 5EB%

o JKEATI LV NDT 4 =)V RNFGHAEN-SH, ThEE
LR=VNOA TV "2 BRIZTD (= TN6DA TV
JhEAXYUT D 5 TNOEREL TS ATV MK
iz %)

trap_read_from_grey(a) {
page = a X GLNR—Y;
for (page IZAENDZATI LI N o) {
scan(o); // o D&k I —
}
unprotect (page) ;
}

IO N R SN

scan free

[]no read
(N2 C T —
to space. i

fromspace ‘
lIIIIIIIIIIIIIl
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Appel-Ellis-Li : the read barrier in action

e when a field of a gray object is read, blacken objects in the

QD G A o

page containing it (= scan those objects — they become
gray)

trap_read_from_grey(a) {
page = the page including a;
for (all objects o in the page) {
scan(o); // copy o’s children
}
unprotect (page) ;
}

scan free

[]no read

from space” L %Y
IIIIIIIIIIIIIII
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Appel-Ellis-Li : the read barrier in action

e when a field of a gray object is read, blacken objects in the

QD G A o

page containing it (= scan those objects — they become
gray)

trap_read_from_grey(a) {
page = the page including a;
for (all objects o in the page) {
scan(o); // copy o’s children
}
unprotect (page) ;
}

scan free [Jno read

z

from space” IR
lIIIIIIIIIIIIIl
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e . J¥—GC & DOMM

o I¥—GCIZHWVWTI, GCHIY—FA (KE/-IFER) AT
T2 hDIE—=H2 DFET D (from space & to space)

o immutable A 7YV 7 MNa b EH 5 & BTERMEIXZNA,
mutable 24 7V 7 hDEE TEH 62050 2hdD
WEND B

o T NIk to space & A2 DZMNS, Mfrom space & U THZA
W T 20NER

e — [ (from space) R ¥ 4 H{K%Z mutator [ZJE X 2V (&
BN LT HONANR
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Remark : it’s easier for copying GC

e during a copying GC, there are two versions of each visited
object (one in the from space and the other in the to space)

e immutable objects do not care which one the mutator sees,
but mutable ones do

e it will eventually see the one in to space anyways, so it’s
natural to maintain “it never sees the one in the from space”

e — it’s natural to let the mutator never see (get a pointer to)
a white object

to:

’
I
I
'

from:
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] 2: Boehm GC

o RFHGC (= ¥ — V&AL =)+ A VIV AVRI
o RO
» V=R TRVEATVI b = H] KA VEZEELRD
e XO5X-oT?
» [ ATV D74 =V RIZHTDESIAA] ZHHE (write
barrier)
o [¥: —h (ENELNEY) -] EWOIRAVAIFETE
2%
» BT LS L V= IADEIRA > ATV T F DA
HUZ MRS 2 BENHD
» A== AY RPKRETEDDT, JIRNAL (#ik)
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Example #2: Boehm GC

e conservative GC (— mark&sweep) + incremental
@ invariants:

» “non-root ‘black‘ — ‘White "’ pointers never exist

e how?
» capture “writing to an object field” (write barrier)
e remark: “root — white” pointers may exist

» prevention requires us to capture writing to the root —
reading from an object

» the overhead is so large that it deserves a separate treatment
(covered later)
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Boehm GC @ write barrier

o XF V) RAGIEZ W (C/C++HHTIEME— DKL), 47
VI hANDOFEZIAAEARE

o EXNRFNSAATI Y MRIKOANRT

» YT AR I ANFEA

e Read barrier I3f7HZ2 W — b—h (&) - H] EWHRA
VRTEHAE (RE) T8

o VU 7z —ADMOVIZWDT, V— "o EFELVET (F
AER)

o FEEHIX mutator % 1D — IFFEMITIFE IR E S &
V5%
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Write barrier in Boehm GC

e capture writing into objects by virtual memory (the only
choice in C/C++)
e gray the “written-to” object
» push it onto the mark stack

e no read barriers — “root (black) — white” pointers are
allowed

e at the end of a mark phase, it traverses from the root again

e during this second traversal, the mutator is stopped — it
may cause a long pause time
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fiig: © 54 UME A IEL X DFEH

2 B ] LW RA VENMEZDIZDNDN, THhI X
HIFIE OK WS DIXHBTIR AW

o WHT, RINEFME: AFDTIITY ALK TIRT,

o QX N L v~

I— NS RERE — &

V— N &K,
while (JKEA3) {
o= JKEATIxT N —fEED, BIZED;
for (o MDKRA V4 p)
if (pMETATY Y MA)
ETNEIKMOIZED
mutator (X2 VT 7EEHZ;
}
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Appendix: a more rigorous correctness proof

e while it is clear “black—white” pointers cause a problem, it
is not trivial that preventing them is sufficient to solve the
problem

e the proposition to prove: after the following algorithm finished,
reachable from the root — black

gray the root;
while (there are gray objects) {
o = pick and blacken a gray object;
for (pointers p in o)
if (p points to a white object)
gray it;
the mutator changes the graph;
¥

SR RSN NG T SN

100 /128



(i RS (8

o GC, mutator DEfTH [H#IZ] BARMELY LD
(1): v— I MOEREARER TH] ATV 7 ME, 5 K
) AT N5 HEARE

o INMERELT DL,
(I) 2 Df& TIRE (JKEIFFEL 2 W)
— V= IS EREARER TH] ATV MIGFLEL R
— TP A7V 2 MEEINATRE
ERDIELIMWRINS. &IF (1) 2REELW
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The key invariant

e the following “always” holds during the execution (GC or
mutator)
(1): all “white” objects reachable from the root are reach-
able from some “gray” objects

o if this is true,
(I) and the termination condition (i.e. there are no grays)
— no white objects are reachable from the root
—  white objects can be reclaimed
and we are done. the only remaining task is to prove (I).
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(1) DFEHA

o whkIN—INLIGENRRAA T NETD

o N— MEIMEIIIKEMT, NOE = [ARA ¥ ZIIEEL B
() 5, N— kD w IZEB/SA PIZ, KA TV o
MBSO LD EHB. FEREDY

.—> (I | E—’ lll—)D

e x : mutator ZIJ TR, GCHW TH S H BRI VA ZEZELR
W] ZEEEEHOMBRENH D NTNIEE LD TE
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Proof of (I)

e say w is a white object reachable from the root

@ since the root is always black or gray and there are no “black

— white” pointers (), there must be a gray object on each
path P from the root to w (QED).

._’ LI I ] E_’ Ill—)D

@ (x): you need to show that not only the mutator but also the
collector never creates “black — white” pointers. it’s easy
and left as an exercise.
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o EMEZIE /1T Y N / Deferred reference counting
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S BB o DS B 3 A (1)

o A VAMNEBITAA (Ffd) SNdd o dGH THE
o F: LTIENULL RA YA DMEZEBEL THd
o ZRDKA

1 (p = e; /*x e->rc++; p->rc——; if (p->rc == 0) free(p); */

o WL

1 (void * p =e; /* ed>rct+; x/

o ATV DT A —IV RAKRA

1 (0—>p = e; /* e->rc++; o->p->rc——; if (o->p->rc == 0) free(o->p); */
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When reference counts must be updated (I)

e whenever a pointer is assigned (bound) to a variable

o remark: we omit NULL checks below

@ assign to a variable

1 (p = e; /*x e->rc++; p->rc——; if (p->rc == 0) free(p); */

o initialize a variable

1 [Void * p = e; /[/x edrct+; */

@ assign to an object field

1 (o—>p = e; /* e->rc++; o->p->rc-—; if (o->p->rc == 0) free(o->p); */

107 /128



S DS B3 1A (10)

o BHEADEIEIEL

1 [f(e); /* e=->rc++ */

o ZHH dead 127 % (MM HDNEL 2 5)

foo() {
object * p = e;
ce. PT3X L.
/* PAFEp 13 dead (iR .
p->rc--; if (p->rc == 0) free(p) */

D G AN W v~
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When reference counts must be updated (II)

@ pass an argument to a function

1 [f(e); /* e->rc++ */

e a variable becomes dead (no longer used)

1 [ foo() {

2 object * p = e;

3 . p>x ...

4 /* p becomes dead (no longer used)

5 p->rc--; if (p->rc == 0) free(p) */
6}
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o DFV, ATV FEHFIMMATHELSTE, SR
Liobw5F DD
list * p = 0;
for (p = head; p; p = p—>next) {
)

DWW~
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The overhead of reference counting

@ A reference count changes constantly, even when you do not
modify objects

1 | 1list * p = 0;
2 | for (p = head; p; p = p—>next) {
4|3
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o H: N— b (FATEE - RKIZE) MO DSREZ A3\, 7
TV IMEDBBETERAS

o Mlf: ATV vNDT 4 =)L RADKRAIEZ S, S Z22E
By kv

o Ril: ZHHMT + — VK (rc) ik, V—hI6DZHz2E XA
W2, Trc == 0 = ZEEARRE] &Y L2200

e .rc == 0 — T 3I{EFli& LT, # (Zero Count Table; ZCT)
NE bk

o M —h2AF ¥ LT, KLEIZZREM0OD (ZCTIZH VY,
W= RN EIINTVARN) EH D% AL
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Deferred reference counting

o In a nutshell: do not count references from the root
(global /local variables); only count references from other
objects

e pros: reference counts need to be updated only when
updating an object
e cons: a reference count field (rc) of an object does not count

references from the root, so “rc == 0 = unreachable” does
not hold

e . rc == 0 — register it to a table (Zero Count Table; ZCT)
as a “possible garbage”

@ scan the root from time to time and reclaim objects whose
reference counts are truly zero (i.e., in ZCT and not
referenced from the root)
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I

W

PV RVIVAN

o AT NDT 4 —)b REHIE

1 (o—>p = e;

1 | if (o->p) {

2 o->p->rc--;

3 if (o->p->rc == 0) add(o->p, ZCT);
4 e->rc++;

5 remove(e, ZCT);

6|}

o I (c.0., AV EIY Y TIHIZZE X BERAH DN 52

1 |R = )N—hFhDRSVEET;
2 | ZCT W& EN, RIZEFNBVA TV I N2BIK;
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Deferred reference counting in action

e when updating an object field

1 [o—>p = e;

if (o->p) {
o->p->rc--;
if (o->p->rc == 0) add(o->p, ZCT);
e->rc++;
remove(e, ZCT);

}

R N S

SN

e from time to time (e.g., when an allocator cannot find a
space upon allocation request)

1 |R = all pointers in the root;
2 | reclaim objects in ZCT and not in R;
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Sticky 28777 > b

o [M: ZIBUIHRAN N DIZRY 5 DD

-1 X
BAVEYA X

= KA VR LIFIFFRUZT D bit £ (e.g., 64 bit) HIHE
e Sticky ZH AV I

» SO bit B% HIBR (e.g., 4 bit, DFH 1...15, 8L “16
A E (sticky)”)

» —HA=N=T0—U7%5 (“sticky” IZB27256) 2B AHD v
&, sticky D E &£

» EHR GC L OMHADFIHR (FERIIZHNTZDIZEDAD
WEE)

» —Hsticky 12227256, EHH GCRIIARYDSIBEMNHIE T
X5 (TR TA—N—7 10— L T RITNIX)

SEETENEANS PN
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Sticky reference counting

@ An issue: how many bits are needed for a reference count?

e = how large could a reference count become?

heap size

A theoretical maximum = -— -
size of a pointer

= need as many bits as a pointer (e.g., 64 bits)

e To avoid this, sticky reference counting limits the number of
bits of a reference count (e.g., 4 bit, which can represent 1
... 15, and “> 16 (sticky)”)
» once a counter overflows, it stays “sticky”
» assume it is used with a traversing GC (which is necessary to
collect cyclic garbage anyways)
» after a counter overflows, the real count can be recovered by
a traversing GC (unless overflowed at that point)
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o sticky ZHA VY FT, B Z 1 bitICLZEHD
e 1 bit = S 1 F7/21F 2 L E (sticky) DXl

o X5, BIHIIATY = MIFROBEIFEL,
AN IZFZE 28N TED

[RA >
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1 bit reference counting

e a special case of sticky reference counting, which uses only 1
bit for a reference count

e 1 bit only distinguishes “1” and “> 2”

e in addition, a reference count does not have to be in an
object but can be in pointers
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1 bit ZHH D > b DOEAK

\\

o JHFH
» unique RA V& BB 1DOATI I "ADKRA VA&
» shared KA V& SR 2L EDOATI I hADKRSL V&
o REZM: HdATI LV NI HA VADEIZILATD Y
H 5 M
» unique 1 i + shared 0 {[
» unique 0 fff + shared {EEf#
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1 bit reference counting : basics

e terminology

» unique pointer: a pointer to an object whose reference count
=1

» shared pointer: a pointer to an object whose reference count
>2

@ invariant: pointers to an object are either

» 1 unique + 0 shared

» 0 unique + any shared’s
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1 bit A 7 > R OF X (1)
o fRA:

1[P=q?

o]

p Y

g

P q P q

YooY

e unique/shared Z R VXD FALE Y b TXH] (unique=0,
shared=1) §% & 9%

1 |if ((p & 1) == 0) free(p);
2|p=q=( | 1);

o ELWAY, ZNTREINTEZA TV Mt

o)

125/ 128



1 bit reference counting in action (1)

@ assignment:

1[P=q?

P q P qg

ﬁ P=q H
P q — p %
e assume unique/shared pointers are distinguished by the last

bit (unique=0, shared=1)

1 |if ((p & 1) == 0) free(p);
2|lp=q=( | 1);

e correct but rarely effective
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\

1bit 2T Y SDEE (2)

o B g Ap = q Uk dead(ZINLWV) &9 5L, KA
B U TR R BB IR A&
P q P q

ﬁ P=q h
q — p\qg/
1 |if ((p & 1) == 0) free(p);
2|p=a;
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1 bit reference counting in action (2)

@ upon an assignment p = g, no particular operation is
necessary if a variable q is not used thereafter
p

{p b

P q P q

YooY

Ke]

1 | if ((p & 1) == 0) free(p);
2 |p=a
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